The goal of this study was to quantify the relative contributions of each muscle group surrounding the spine to vertebral joint rotational stiffness (VJRS) during the push-up exercise. Upper-body kinematics, three-dimensional hand forces and lumbar spine postures, and 14 channels (bilaterally from rectus abdominis, external oblique, internal oblique, latissimus dorsi, thoracic erector spinae, lumbar erector spinae, and multifidus) of trunk electromyographic (EMG) activity were collected from 11 males and used as inputs to a biomechanical model that determined the individual contributions of 10 muscle groups surrounding the lumbar spine to VJRS at five lumbar vertebral joints (L1-L2 to L5-S1). On average, the abdominal muscles contributed 64.32 ± 8.50%, 86.55 ± 1.13%, and 83.84 ± 1.95% to VJRS about the flexion/extension, lateral bend, and axial twist axes, respectively. Rectus abdominis contributed 43.16 ± 3.44% to VJRS about the flexion/extension axis at each lumbar joint, and external oblique and internal oblique, respectively contributed 52.61 ± 7.73% and 62.13 ± 8.71% to VJRS about the lateral bend and axial twist axes, respectively, at all lumbar joints with the exception of L5-S1. Owing to changes in moment arm length, the external oblique and internal oblique, respectively contributed 55.89% and 50.01% to VJRS about the axial twist and lateral bend axes at L5-S1. Transversus abdominis, multifidus, and the spine extensors contributed minimally to VJRS during the push-up exercise. The push-up challenges the abdominal musculature to maintain VJRS. The orientation of the abdominal muscles suggests that each muscle primarily controls the rotational stiffness about a single axis.
Biomechanical investigations of the push-up exercise have primarily focused on the joints and muscles of the upper extremity Donkers et al., 1993; Gouvali & Boudolos, 2005; Lear & Gross, 1998; Lou et al., 2001; Ludewig et al., 2004) . The work of Freeman et al. (2006) , who found moderate activation levels in the trunk flexors and lower activation in the trunk extensors, suggests that the standard push-up also challenges this musculature surrounding the lumbar spine provided that one aims to maintain a neutral spine posture.
During performance of the push-up exercise, external forces applied through the contact points at the hands and feet produce reaction forces and moments within the lumbar spine that challenge the ability of the trunk musculature to provide the necessary stiffness to maintain a neutral posture (Beach et al., submitted) while still meeting ventilatory challenges .
Although it is well established that the trunk muscles play a critical role in stiffening the joints of the spine during tasks such as lifting (Bergmark, 1989; Cholewicki & McGill, 1996 : Gardner-Morse et al., 1995 , there have been no attempts to quantify the individual muscular contributions to spine stiffness during the push-up exercise. While muscular activation has been linked to both muscle force and stiffness (Cholewicki & McGill, 1995) , a muscle group's potential for influencing vertebral joint rotational stiffness (VJRS) may also be influenced by factors such as the muscle moment arm length from the vertebral joint's center of rotation, muscle length, and the muscle's physical orientation (Brown & Potvin, 2007) . Recently a method has been developed whereby the individual muscle contributions to VJRS can be determined quantitatively from a combination of muscle force, stiffness, orientation, length, and moment arm length (Potvin & Brown, 2005) . This method, used in conjunction with an anatomically detailed model of the musculature surrounding the lumbar spine would be beneficial for empirically determining muscular contributions to VJRS during the push-up exercise.
The purpose of this study was to quantify the relative contributions from a set of muscle groups surrounding the lumbar spine to VJRS during the push-up exercise. Based on previous results documenting elevated levels of abdominal muscular activity compared with activity levels of the spine's posterior musculature during pushups (Juker et al., 1998; Freeman et al., 2006; Beach et al., submitted) , it was hypothesized that the abdominal musculature would contribute more to VJRS than the posterior musculature of the lumbar spine during performance of a standard push-up.
Methods

Study Participants
Eleven males volunteered to participate in the study. The participant group had a mean age of 27.4 years (SD = 2.8 years), a mean stature of 1.83 m (SD = 0.06 m), and a mean mass of 89.4 kg (SD = 11.0 kg). Before commencing the testing, all participants signed an informed consent document that had been reviewed and approved by the University of Waterloo's Office of Research Ethics.
Experimental Tasks
Participants performed one set of 8 repetitions of standard push-ups (Figure 1 ). Based on the data reported by Gouvali and Boudolos (2005) , a metronome was used to control the rate at which the push-ups were performed (full push-up cycle was fixed at 2 s). Exercise trials began with the participant in the "up" position with their elbows extended (Figure 1 ).
Instrumentation
Fourteen pairs of pre-gelled, self-adhesive surface EMG recording electrodes (Blue Sensor, Medicotest Inc., Ølstykke, Denmark) were applied with a center-to-center distance of approximately 2.5 cm over the following bilateral muscle groups: erector spinae at three levels (approx. 5, 3, and 1 cm lateral to the T9, L3, and L5 spinous processes, respectively); rectus abdominis (approx. 3 cm lateral to the umbilicus); external abdominal obliques (approx. 15 cm lateral to the umbilicus); internal abdominal obliques (midway between the anterior superior iliac spine and symphysis pubis); and latissimus dorsi (lateral to the T9 spinous process over the muscle belly (Cholewicki & McGil,l 1996) . All EMG signals were band-pass filtered (10-1000 Hz) and differentially amplified (CMRR, 115 dB at 60 Hz; input impedance, 10 GΩ; Model AMT-8, Bortec Biomedical Ltd., Calgary, AB, Canada) prior to analog-to-digital conversion.
Active markers (infrared light-emitting diodes, IREDs) were taped to the skin overlying the major joints of the upper body (McGill, 1992) . Three noncollinear markers were attached to plastic fins that were each rigidly mounted over the sacrum and over the T12-L1 vertebral joint. The relationship between the orientations of the fins was used to calculate the three-dimensional lumbar spine angles using an Euler decomposition sequence of flexion/extension, followed by lateral bend and axial twist, respectively (McGill et al., 1997) . Four position sensors (Optotrak Certus System, Northern Digital Inc., Waterloo, ON, Canada) were used to track the motion of the IREDs while participants performed the experimental tasks within a calibrated measurement volume. Raw position data were collected at a rate of 64 samples/s.
Triaxial force transducers (MC3A-X-500, Advanced Mechanical Technology Inc., Watertown, MA, United States) were used to measure three-dimensional forces acting at each hand in the standard push-up task. Three noncollinear IREDs were also attached to the triaxial force transducers to locate the orientation of the measured forces within the laboratory coordinate system.
Analog signals from the force transducers and EMG system were synchronized with Optotrak position data, and digitally sampled at a rate of 2048 samples/s using a 16-bit analog-to-digital conversion system (Optotrak Data Acquisition Unit II, Northern Digital Inc).
Data Processing and Reduction
Before performing the exercise, EMG signals were collected while participants performed maximum voluntary isometric contractions (MVICs) of the monitored muscle groups (procedures described in McGill, 1991) . Maximal activation of the trunk flexors was elicited by applying manual resistance to the participant in a sit-up posture while they actively attempted to flex, followed by left and right lateral bend, and axial twist left and right. Extensor MVICs were obtained by having the participant adopt the Biering-Sorensen posture while trying to extend against manual resistance. Minimal motion occurred during both of the MVIC trials. All EMG signals were full wave rectified and digitally low-pass filtered using a Butterworth, 2nd-order, single-pass filter with a 2.5 Hz cutoff frequency to produce linear-enveloped EMG (Brereton & McGill, 1998) . Signals collected during the exercise trials were normalized to the maximum amplitudes achieved during the MVIC trials (% MVIC). The linear enveloped, and normalized EMG was downsampled to 64 Hz to match the kinematic data. Triaxial force signals were digitally filtered with a low-pass, 2nd-order, Butterworth, dual-pass filter (effectively creating a zero-lag, 4th-order, low-pass filter) with a cutoff frequency of 4 Hz as determined from a residual analysis (Winter, 1990) . External forces signals were also reduced to 64 Hz following filtering to match the kinematic data. The EMG and external force signals were entered into a biomechanical model of the lumbar spine, which is briefly described here. The interested reader is referred to the work of Cholewicki & McGill (1996) and Kavcic et al. (2004a) for a detailed description of similar models. The EMG data used as input to the lumbar spine model used in this investigation is the same EMG that was collected and presented by Beach et al. (in press ). Briefly, Beach and colleagues presented the differences in low back loading and absolute vertebral joint rotational stiffness while performing push-ups on stable and unstable support surfaces.
The anatomical model consisted of a rigid pelvis and ribcage with five intervening lumbar vertebrae. The ribcage and vertebrae were allowed to rotate according to the three-dimensional angular motion of the spine, while the pelvis maintained a constant orientation. The rotation of each vertebra was based upon an assumed proportion of the total rotation between the ribcage and the pelvis (White & Panjabi, 1990) . The musculature of the lumbar spine was represented by 118 muscle fascicles that made up 10 bilateral muscle groups surrounding the lumbar spine (Table 1) . Each fascicle was assigned a physiological cross-sectional area, and consisted of an Note. The numbers represent fascicles from the left and right sides of the model. Anatomical orientations are described by Cholewicki and McGill (1996) .
active contractile component and tendons modeled as nonlinear elastic components. The maximum stress for each muscle was set to 35 N/cm 2 , which is consistent with previous work (Cholewicki & McGill, 1996) .
External hand loads, as measured from the triaxial force transducers, and the locations of the joint centers for the upper limb (hand, wrist, elbow, shoulder), torso (C7-T1, L4-L5 joints), and head (ear canal) were used as inputs to an eight-segment rigid link model that determined the three-dimensional joint reaction forces and moments at the L4-L5 joint (McGill, 1992) .
A distribution moment (DM) model, using the normalized fascicle activation levels as inputs, was used to determine muscle force and stiffness in each of the 118 modeled fascicles (Cholewicki & McGill, 1995) . Briefly, the DM model uses the activation level in conjunction with muscle length and contractile velocity for determining a solution to Huxley's bond distribution equation whereby the first two moments of the equation are represented as fascicle force and stiffness (Ma & Zahalak, 1991) .
The forces from fascicles crossing the L4-L5 joint were used to determine the three-dimensional net joint muscle moment at L4-L5, which was compared with the three-dimensional L4-L5 joint reaction moment. A participant-specific gain factor was computed by minimizing the sum of squared differences between the L4-L5 reaction moment about the flexion/extension axis and the moment about the flexion/extension axis generated by the musculature, across the entire push-up trial. The gain factor was used as a correction for the assumed morphological parameters of maximum muscle stress and cross-sectional area in each participant and was applied to the individual muscle force and stiffness values, as determined by the DM model, at each instant of the exercise trials.
The adjusted fascicle force and stiffness, along with the anatomical attachments for each fascicle were used as inputs to determine, using Equation (1), each fascicle's contribution to the rotational stiffness at each vertebral joint and about each of the three axes (flexion/extension, lateral bend, and axial twist; Potvin & Brown, 2005 A fascicle was considered to contribute to the rotational stiffness at a vertebral joint if its attachment points spanned the joint in question (e.g., all fascicles with attachment points that spanned L4-L5 contributed to the rotational stiffness at L4-L5). The total contribution to VJRS of one muscle group, at a single vertebral joint, was determined by summing the individual contributions of all fascicles that belonged to one muscle group that also spanned the joint in question. For example, the total contribution of the multifidus muscle group to VJRS at L4-L5 was the sum of the individual contributions from the 14 multifidus fascicles spanning L4-L5. The proportion of total VJRS about each axis for each muscle group and for each vertebral joint (Equation 2) was computed using the method described by Brown & Potvin (2007) . Table 1 ) %TotalStiffness: percentage of the total VJRS about the lateral bend axis attributed to a single muscle group at a single vertebral joint Equation 2 quantifies the relative contribution of a single muscle group to VJRS about the lateral bend axis at a single vertebral joint. Similar expressions were derived for the relative contributions of a single muscle group to VJRS about the flexion/extension and axial twist axes. Each participant completed a minimum of eight push-ups during the exercise trial. Individual push-up cycles were extracted and partitioned into separate up and down phases from the data by an investigator who inspected trajectories of the vertebral fin markers for maximum (indicating the end of the up and start of the down phases) and minimum (indicating the end of the down and start of the up phases) points. Push-up Cycles 3 through 6 were used for data analysis to allow for adaptation and for generating a stable repeated sample. The time for each phase of each cycle was normalized as a percentage of the total movement time. Thus, for the down phase of one push-up repetition, 0% was the point from which downward movement was initiated and 100% was the point at which the downward movement ended. The computed stiffness proportions for each muscle group were ensemble averaged across the four repetitions and an average muscular contribution to VJRS for each participant was computed from the ensemble-averaged output for each muscle group.
Statistical Analyses
The relative contributions to total VJRS of each muscle were tested in separate single-factor (muscle group) general linear model ANOVAs. The statistical analyses were separated by phase (up and down), vertebral joint (five levels), and axis (three axes) for a total of 30 single-factor ANOVAs. Tukey post hoc analyses were performed to determine differences between individual muscle groups. The level of statistical significance was set at p = .05 for rejecting the null hypothesis in all analyses. All statistical analyses were performed using SAS (SAS Institute Inc., Cary, NC, United States).
Results
Averaged over the five modeled lumbar vertebral joints, the abdominal muscles contributed a total of 64.32 ± 8.50%, 86.55 ± 1.13%, and 83.84 ± 1.95% to VJRS during both the up and down phases of the exercise about the flexion/extension, lateral bend, and axial twist axes, respectively.
Rectus abdominis contributed more than all other muscles to VJRS about the flexion/extension axis at each vertebral joint during the push-up (Figure 2 ). The contribution of rectus abdominis to VJRS about the flexion/ extension axis was significantly greater (p < .05) than each of the other nine modeled muscle groups with the exception of the internal oblique muscle at the L1-L2 level. Rectus abdominis and internal oblique contributed more to the VJRS about the flexion/extension axis than all other modeled muscle groups at L1-L2 (p < .05).
Abdominal obliques were the two most important muscles for providing VJRS about the lateral bend axis during the push-up with external oblique being the primary contributor at L1-L2, L2-L3, L3-L4, and L4-L5 (p < .05, Figure 2a-d) . Internal oblique was the primary contributor to the lateral bend VJRS at L5-S1 (p < .05, Figure 2e ). External obliques' contribution to VJRS about the lateral bend axis during both the up and down phases decreased consistently from L1-L2 to L5-S1, whereas internal obliques' contribution increased from L1-L2 to L5-S1 (Figure 3) , and is a function of the changing moment arm lengths to the lateral bend axis for both the external and internal oblique (Table 2) . Rectus abdominis was the third most important muscle for providing rotational stiffness about the lateral bend axis at each vertebral joint with the exception of L5-S1. However, the rectus abdominis did not statistically contribute more to VJRS about the lateral bend axis than the remaining muscle groups at any of the modeled vertebral joints.
Internal obliques contributed the most to VJRS about the axial twist axis for each vertebral level (p < .05) with the exception of L5-S1, where the external oblique contributed more than any other muscle (p < .05, Figure  2a-d) . The contribution of internal obliques to VJRS about the axial twist axis consistently decreased from L1-L2 to L5-S1, whereas external obliques' contribution increased from L1-L2 to L5-S1 (Figure 2e ). This is the reverse trend that was observed for the contributions of internal and external obliques to VJRS about the lateral bend axis. Decreasing contributions of internal obliques and increasing contribution of external obliques to VJRS about the axial twist axis are explained by a decrease in the modeled moment arm length of the internal and external oblique muscles to the axial twist axis (Table 2) .
It is also worthy to note that the transversus abdominis and multifidus, two muscles that are commonly considered to be important spine stabilizers, respectively contributed on average 0.05 ± 0.4% (flexion/extension), 0.24 ± 0.18% (lateral bend), 0.57 ± 0.38% (axial twist) and 4.00 ± 1.92% (flexion/extension), 0.07 ± 0.06% (lateral bend), 0.35 ± 0.22% (axial twist) to the total VJRS.
Discussion
The current investigation quantified the individual muscle contributions of 10 muscle groups surrounding the lumbar spine to VJRS during the standard push-up. Muscular contributions to VJRS at each of the modeled vertebral joints within the lumbar spine were dominated by the abdominal muscles (rectus abdominis, external obliques, internal obliques). Moreover, the stiffness analysis performed indicates that each of the abdominal muscles act, through a combination of their morphology and activation, such that they are the main contributors to VJRS at each joint and about a single axis. Specifically, rectus abdominis provided stiffness about the flexion/extension axis, external obliques provided stiffness about the lateral bend axis, and internal obliques provided stiffness about the axial twist axis. Meanwhile, multifidus and transversus abdominis, which are sometimes considered to be important spine stabilizers (Richardson & Jull, 1995; Hodges & Richardson, 1996) and subsequently linked to VJRS, did not contribute much to the VJRS.
As is the case with any model, assumptions must be made with regard to the anatomical representation of the physical structures and their properties, which create a proviso when considering the results of the current investigation. Specifically, the anatomical representation of the oblique musculature (internal and external obliques) has been described elsewhere with different geometrical orientations, cross-sectional areas, and number of fascicles, which would influence the contributions of both the internal and external obliques to VJRS (Stokes & Gardner-Morse, 1999) . Despite the differences in anatomical representation of the oblique musculature, Brown and Potvin (2007) have shown that the stiffening potential for each representation (Stokes & GardnerMorse, 1999 , versus Cholewicki & McGill, 1996 of the modeled oblique fascicles was similar. The reduced contribution of transversus abdominis to total VJRS can be attributed to its smaller cross-sectional area (relative to the cross-sectional areas of internal and external oblique) in the current model. Stokes and Gardner-Morse (1999) have shown that transversus abdominis' muscle volume on average is approximately 69.5% smaller than internal oblique, while data from Urquhart and colleagues (2005) indicates that fascicle lengths of the transversus abdominis (79.7 mm averaged over upper, middle, and lower segments), and internal oblique (84.3 mm averaged over upper, middle, and lower segments) are similar. This data indicates that transversus abdominis likely has a smaller cross-sectional area than internal oblique, which agrees with the anatomical representation of tranversus abdominis described by Grenier and McGill (2007) and used for this investigation. Smaller cross-sectional area implies that the transversus abdominis will not be able to generate as much force or stiffness as the internal oblique and thus will have a reduced contribution to VJRS. Moreover, transversus abdominis is the deepest of the abdominal muscles (Hides et al., 2006) , which means that the stiffening potential of the transversus abdominis is further reduced relative to the internal oblique owing to its closer proximity to the spine. Larger moment arm lengths are very important in determining the stiffening potential of a fascicle because the moment arm length is squared in the calculation of vertebral joint rotational stiffness (Potvin & Brown, 2005) .
Since deep muscular activity (for example, quadratus lumborum, psoas, transversus abdominis) was not directly measured, the activation of deep trunk muscles were inferred from the surface EMG recordings of more superficial muscles such as the internal oblique (used for psoas and transversus abdominis) and the lumbar portion of the erector spinae (used for quadratus lumborum). It has been demonstrated that using surface EMG activation as surrogate measures of psoas, transversus abdominis, and quadratus lumborum may result in errors of 10-15% MVIC, which is thought to be acceptable for modeling analyses . Errors produced by inferring the activity of the deep muscles from surface EMG recordings of superficial muscles will affect muscle force and stiffness estimates, which have a direct impact on the muscular contributions to VJRS.
The applicability of our results to a wide variety of populations is also limited because the participants within this study were university-age males who were physically active and were familiar with proper push-up technique. It has been documented that people with lower back pain have altered motor patterns (characterized by increased co-contraction) with respect to people without lower back pain (Van Dieën et al., 2003) . However, the same investigators also demonstrated that the altered motor patterns were beneficial to spine stability, which is directly linked to VJRS. Thus, in a patient population, it could be expected that increased co-contraction would reduce the proportion of VJRS that would be generated by the abdominal musculature. Considering potential gender differences, other investigations have shown that males have larger moment arm lengths of the trunk musculature and trunk dimensions than females , and furthermore males show larger cross-sectional areas of the trunk musculature than females ), which will lead to a reduced absolute stiffening potential of the lumbar spine's musculature in females.
Owing to the novelty of the stiffness analysis, there is no data to our knowledge for direct comparison of muscle contributions to VJRS during other exercises. However, it is possible to make inferences about the stiffness contributions of other muscles during other exercises based on the motor patterns reported in Beach et al. (in press ). For instance, by examining the motor patterns previously measured during other exercises in which a neutral lumbar spine posture was maintained, stiffness contributions of lumbar muscles can be inferred because three main modulating factors in a muscle's contribution to vertebral joint stiffness are its level of activation; the spine posture, which influences muscle orientation; and the muscular physiological cross-sectional area (Potvin & Brown, 2005) . The EMG data from this investigation showed that the abdominal muscles were activated above 20% MVIC, whereas the posterior musculature of the spine was activated to a maximum of 13% MVIC and a minimum of less than 3% MVIC during the standard push-up (reported in Beach et al., in press) . Freeman et al. (2006) documented higher abdominal activity compared with posterior muscle activity (1.93:1 ratio of abdominal to latissimus dorsi, and 6.91:1 ratio of abdominal to erector spinae) during performance of a standard push-up, which is consistent with the findings from the data set used in the current investigation (2.51:1 ratio of abdominal to latissimus dorsi, and 9.50:1 ratio of abdominal to erector spinae activity; based on the data presented by Beach et al., in press ). Because Freeman and colleagues (2006) assumed a neutral trunk posture during the performance of the push-up, we can assume that performing the stiffness analysis with their data would demonstrate that the VJRS during their standard push-up was dominated by contributions from the abdominal musculature. The increased demand for a net muscle flexor moment-because the external forces during the standard push-up produce a dominant external extensor moment (i.e., flexor net joint reaction moment) at the joints of the lumbar spine-requires the abdominal musculature to generate higher moments and forces when compared with the posterior musculature of the spine. Subsequently, the increased abdominal demand in the push-up also increases the abdominal contributions to VJRS. The push-up also elicits a similar motor pattern (increased ratio of abdominal to extensor activity in a neutral spine posture) to the wheel roll-out exercise, which is used as an abdominal training exercise (Escamilla et al., 2006) . The motor pattern elicited by the push-up is also consistent with the activation pattern of the abdominal curl-up described by Kavcic and colleagues (2004b) . Combined with the neutral lumbar posture promoted by proper technique for this version of the curl-up, the relative contributions of the abdominal muscles to VJRS would be similar in the abdominal curl-up. Thus, the push-up can be considered with other exercises that are designed to challenge the abdominal musculature.
In conclusion, the push-up, which is typically used in exercise regimens for challenging the musculature of the upper limb, can also be considered a challenge to the abdominal musculature. The orientation of the rectus abdominis, internal oblique, and external oblique muscles allows for these muscles to dominate the muscular contributions to VJRS about each of the flexion/ extension, lateral bend, and axial twist axes within the lumbar spine. Future work should include documenting the changes in muscular contributions to vertebral joint Note. Because the internal and external oblique muscles were each represented by a set of two fascicles, the moment arms presented here are the individual fascicle of both the internal and external oblique muscles that had the largest absolute contribution to vertebral joint rotational stiffness about the lateral bend and axial twist axes of each vertebral joint. The attachment points of the external and internal oblique are situated on the modeled pelvis and ribcage (Cholewicki & McGill, 1996) . stiffness during variants of the push-up exercise as a means of testing the model's sensitivity toward determining changes in VJRS.
